Matrix metalloproteinases are endopeptidases that have a leading role in the catabolism of the macromolecular components of the extracellular matrix in a variety of normal and pathological processes. Human gelatinase B is a zinc-dependent proteinase and a member of the matrix metalloproteinase family that is involved in inflammation, tissue remodeling, and cancer. We have conducted x-ray absorption spectroscopy, atomic emission, and quantum mechanics studies of natural and activated human gelatinase B. Our results show that the natural enzyme contains one catalytic zinc ion that is central to catalysis. In addition, upon enzyme activation, the catalytic zinc site exhibits a conformation change that results in the expansion of the bond distances around the zinc ion and the replacement of one sulfur with oxygen. Interestingly, quantum mechanics calculations show that oxygen ligation at the catalytic zinc ion exhibits a greater affinity to the binding of an oxygen from an amino acid residue rather than from an external water molecule. These results suggest that the catalytic zinc ion plays a key role in both substrate binding and catalysis.
Remodeling of the extracellular matrix is an important event in many normal and pathological processes such as growth, wound repair, tumor metastasis, and leukocyte mobilization in inflammation. A large family of zinc-dependent proteinases, the matrix metalloproteinases (MMPs), 1 is considered to be primarily responsible for this matrix catabolism (1) (2) (3) (4) . Details of their variety and substrate specificity are documented in several recent reviews (5) (6) (7) . The MMPs consist of a large family of proteinases that share many common structural and functional elements. MMPs can be categorized based on amino acid sequence similarity, substrate specificity, and domain structure. They include collagenases, which cleave triple helical interstitial collagens; gelatinases, which cleave denatured collagen, elastin and type IV and V collagens; stromelysins, which mainly cleave proteoglycans; and membrane-type MMPs, which are associated with the activation of pro-MMPs (2, 3) . In addition to these classical MMPs, other metalloproteinases, mainly with functions other than matrix catabolism, are being discovered at an increasing pace. All MMPs are synthesized as preproenzymes and are usually secreted as inactive pro-MMPs. The primary structure of each MMP is composed of some of the following domain motifs: a signal peptide, a propeptide, a catalytic domain that contains a zinc ion central to catalysis, a linker, a hemopexin-like domain, a fibronectin type II domain, a transmembrane region and a cytoplasmic domain (found in membrane-types 1-6), a furinrecognition sequence, and a vitronectin-like domain (7) . Moreover, each member of the MMP family is characterized by a different domain composition, but contains a propeptide domain of about 80 amino acids with a conserved PRCGVPDV motive that ligates to the catalytic zinc ion via the cysteine residue to maintain the latency of the proenzyme (8, 9) . The catalytic domain (about 170 amino acids) contains a zinc-binding motive HEXXHXXGXXH, and all MMPs except MMP-7 have a hemopexin-like domain (about 210 amino acids) at the carboxyl terminus. The hemopexin-like domain is reported to be required for the digestion of native collagen by collagenase-1, -2, and -3 as well as for the binding of TIMP-1 to progelatinase B and TIMP-2 to progelatinase A (10) .
The first x-ray crystal structures of the recombinant catalytic domains of human fibroblast collagenase/MMP-1 (11) and human neutrophil collagenase/MMP8 (12) were soon complemented by additional structures of catalytic domains, fulllength recombinant enzymes, and inhibitor-enzyme complex structures (9, (13) (14) (15) (16) (17) . Importantly, these detailed atomic resolution structures have revealed the location of the conserved motifs and have enabled the assignment of substrate recognition sites on the proteinases. The catalytic domains of the MMPs have an ellipsoid shape with a small active site cleft on their surfaces. This cleft contains the catalytic zinc atom. Several studies have suggested that the catalytic domain of the isolated MMPs contains two zinc atoms (11, 18, 19) that are required for enzyme stabilization and catalysis. To date, how-ever, none of these structural studies have dealt with natural or intact MMP-9. Recent reports and our results (reported here) suggest that the intact full-length MMPs contain only a single zinc atom. Together, these discrepant results suggest that the second zinc-binding site may result from a molecular rearrangement and subsequent structural stabilization due to truncation of the polypeptide chain (20, 21) . The crystal and NMR structures of the various MMPs provide a framework for the design of mechanistic studies. However, the actual mechanism of MMP catalysis has yet to be elucidated.
Previous studies led to the formulation of the "cysteine switch hypothesis" as a model for understanding the unique structure of MMP zymogens and the means by which activation may be achieved in vitro (8) . Briefly, the cysteine switch model suggests that upon activation, the latent zinc-binding site is converted to a catalytic zinc-binding site by dissociation of the thiol-bearing propeptide from the zinc atom. Cleavage of the propeptide results in a breakdown of the prodomain structure of the enzyme, and the shielding of the catalytic zinc ion is withdrawn. Consequently, the metal ion and the active site pocket are accessible for substrate binding (22) .
Human gelatinase B is a matrix metalloprotease (MMP-9) involved in inflammation, tissue remodeling, development, and cancer (23, 24) . Importantly, this MMP is a marker of inflammatory diseases, including rheumatoid arthritis and multiple sclerosis (25, 26) . In the central nervous system, gelatinase B may play a role in the enzymatic degradation of the blood-brain barrier and may generate autoimmune peptides from intact myelin constituents, suggesting that it may be at the basis of autoimmunity in multiple sclerosis (27) . By analogy with other proteases (28) , it has also been suggested that the secretion of gelatinase B may play a key role in tumor cell metastasis by providing the basis for the mechanism of extracellular matrix remodeling (29, 30) . Human neutrophils produce three major forms of pro-gelatinase B as follows: 92-kDa monomers, homodimers, and complexes of gelatinase B covalently bound to neutrophil gelatinase B-associated lipocalin (31) . Gelatinase B is not produced constitutively by most cells, but instead its activity is induced by different stimuli depending on the cell type, thus providing a means of increasing the local concentration of gelatinolytic activity in response to specific physiological events. Therefore, it is considered to be one of the most complex MMPs in terms of regulation and expression, in addition to possessing a complex domain structure (23, 24, (31) (32) (33) . Recently it was reported that glycosylation of the gelatinase B molecule is considerable in terms of molecular volume, but the function of this post-translational modification is as yet not clear (31) . Therefore, further structural analysis of the catalytic site of the full-length natural human gelatinase B may contribute to understanding its mode of action.
Here we report on our x-ray absorption spectroscopy (XAS) studies of the catalytic active site of natural human gelatinase B in its latent and activated states. The XAS results are consistent with the density functional theory (DFT) calculations on the active sites of MMPs in latent and activated forms, which are also reported here. Our results demonstrate the molecular rearrangement and conformational changes that occur upon activation in human gelatinase B at the zinc site. In addition, we show by independent experimental procedures that natural human gelatinase B contains one zinc atom.
EXPERIMENTAL PROCEDURES

Purification of Natural Gelatinase B from Human Neutrophils to Homogeneity
Natural gelatinase B was isolated from human neutrophils by using a method modified from Masure et al. (24) . Human neutrophils were isolated from buffy coats (Red Cross, Antwerp, Belgium) (34) . After a 20-min preincubation with 3 mM phenylmethylsulfonyl fluoride at 37°C, 0.5 M formyl-methionyl-leucyl-phenylalanine and 3 mM phenylmethylsulfonyl fluoride were added to stimulate degranulation for the next 20 min. The cell supernatants were harvested, filtered, loaded on a gelatin-Sepharose substrate affinity column (Amersham Pharmacia Biotech), and eluted as described (24) . The eluate was then dialyzed against assay buffer (100 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM CaCl 2 , 0.01% Tween 20) . In the next step, the covalent heterodimeric complex of gelatinase B with neutrophil gelatinase B-associated lipocalin was removed by affinity chromatography on a monoclonal antibody directed against neutrophil gelatinase B-associated lipocalin, courtesy of Dr. T. Bratt and Dr. N. Borregaard (35) . The purity of gelatinase B was controlled by reducing and non-reducing SDS-polyacrylamide gel electrophoresis and analyzed by Coomassie Brilliant Blue protein staining.
Protein Concentrations
Protein concentration was determined using a Bradford reagent (BioRad) (36) with bovine serum albumin as a standard and according to amino acid composition analysis. The active site of gelatinase B was titrated using different concentrations of recombinant human TIMP-1 (Calbiochem) in an enzyme activity assay with a fluorogenic peptide, as described by Knight et al. (37) .
Enzyme Activity Assay
The enzyme samples and the appropriate controls were analyzed by gelatin substrate zymography (38) . This technique provides information about the molecular size and the catalytic activity of the enzyme. Gelatinase B activity was measured and quantified by the conversion of a fluorogenic peptide (37) .
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)
The metal content in gelatinase B samples was analyzed by inductively coupled plasma atomic emission spectroscopy using the ICP-AES model "Spectroflame" from Spectro (Kleve, Germany). Prior to measurement, the samples were digested with nitric acid, and the volume was adjusted to 6 ml (final concentration 10%). The zinc content in the protein samples was determined relative to an equivalent amount of gelatinase assay buffer.
X-ray Absorption (XAS)
Sample Preparation-Enzymatic activity was checked for all samples by zymography and by the conversion of the fluorogenic peptide before XAS data collection. The enzyme was concentrated by ultrafiltration using a Millipore Centricon-30 (Bedford, MA) apparatus to make a final concentration of 70 M (6.4 mg/ml). Samples were loaded into copper sample holders (10 ϫ 5 ϫ 0.5 mm) covered with Mylar tape and were frozen immediately in liquid nitrogen. The frozen samples were then mounted inside a Displex closed cycle helium cryostat and their temperature was maintained at 30 K to minimize the thermal disorder in the XAS data.
Data Collection-XAS data collection was performed at the National Synchrotron Light Source at Brookhaven National Laboratory, beam line X9B. The spectra were recorded at the zinc K-edge in fluorescence geometry at low temperature (30 K). The beam energy was defined using a flat silicon(111) monochromator crystal. The incident beam intensity I 0 was recorded using an ionization chamber. The fluorescence intensity was recorded using a 13-element germanium detector. The transmission signal from a zinc foil was measured with a reference ion chamber simultaneously with fluorescence in order to calibrate the beam energy. Several scans of each sample were collected for a total of 1 ϫ 10 6 counts across the edge. The samples were checked for burning marks after each scan, and the beam position on the sample was changed before each scan to minimize radiation damages. Enzyme activity was checked after exposure to x-rays, and the enzyme was found to be fully active.
Data Processing and Analysis-The average zinc K-edge absorption coefficient (E), which was obtained after several independent XAS measurements for each sample, was aligned in absolute energy, using the reference zinc metal foil XAS data as an absolute energy calibrant. Subsequently, the absorption coefficients for different samples were shifted in x-ray energy until their first inflection points were aligned at the same energy (9658 eV). This alignment ensured, to a good approximation, that the same x-ray energy, E 0 ϭ 9658 eV could be used as the photoelectron energy origin in all data sets.
The smooth atomic background was removed with the AUTOBK program of the UWXAFS data analysis package, developed at the University of Washington, Seattle (39) . The same energy, E 0 ϭ 9658 eV, was chosen for the purpose of background removal as the origin of the photoelectron energy. The R space region for minimizing the signal below the first shell was chosen between 1 and 1.2 Å. After the removal of background, the useful k range in the resultant k 2 weighted (k) was between 2.5 and 9 Å Ϫ1 . Model data for the fitting procedure were constructed by extracting the catalytic zinc site coordinates (in a radius of 6 Å) from the crystallographic coordinates of stromelysin-1 (MMP-3) derived from the protein data bank (code 1SLM) (9), gelatinase A (protein data bank code 1CK7), and the optimized active site structures obtained from our quantum mechanical calculations. By using the computer code FEFF7 (41, 42), we calculated the theoretical photoelectron scattering amplitudes and phase shifts. Total theoretical (k) was constructed by adding the most important partial (k)s that contributed to the r range of interest.
The theoretical XAFS signal was fitted to the experimental data using the non-linear least squares method, implemented in the program FEFFIT (39) in R space, by Fourier transforming both theory and data. Data and theory were weighted by k and multiplied by a Hanning window function in Fourier transforms.
Quantum Mechanics Calculation Methods
The DFT computational method B3LYP was applied on a model of the first coordination shell around the catalytic zinc ion in the MMPs. The B3LYP/3-21G method was employed for full optimization of the initial model structures, and the optimized structures were then subjected to further optimization with B3LYP/6-31G*. Based on the optimized geometries, the frequency calculations were carried out at the B3LYP/6-31G* level of theory in order to verify the accuracy of the optimized structures and to determine the zero point and vibrational energies, enthalpy, and entropy parameters. All quantum mechanic calculations were carried out with the Gaussian98 program (44) .
RESULTS
The active site structures of the catalytic zinc ion in natural gelatinase B from neutrophils, in its latent and activated states, were studied by x-ray absorption, near edge structure (XANES), and extended x-ray absorption fine structure (EXAFS) spectroscopy. EXAFS is a valuable technique for elucidating the structure of a variety of metal sites in metalloproteins (45) . More specifically, EXAFS measures the transition from the core electronic states of the metal to the excited electronic or continuum states. Spectral analysis near the electronic transition (XANES) provides information about the charge state of the metal and its geometry. Spectral analysis above the absorption edge, in the EXAFS region, provides complementary structural information such as coordination numbers, types, and distances from neighboring atoms to the central (absorbing) atom. In addition, XAS is an excellent structural tool to probe the d 10 zinc ion, which is generally spectroscopically silent (46) . We therefore conducted XAS studies to examine the nature and bonding of active site ligands and the changes in metal site structures upon activation of human gelatinase B. Furthermore, EXAFS analysis was used to examine the zinc stoichiometry in human gelatinase B.
Determination of Zinc Content in Human Gelatinase B from Neutrophils-For fixed geometry of the fluorescence EXAFS experiment, the edge step of the x-ray absorption coefficient should be proportional to the concentration of the absorbing element. Therefore, the number of zinc atoms per protein can be determined by comparing the edge-step intensity measured in the enzyme absorption coefficient data with the calibration curve obtained for standard compounds, where the edge step is measured as a function of the zinc concentration. Aqueous solutions in the range of 0.5-1.5 mM of ZnCl 2 were chosen as standard compounds for the purpose of edge intensity calibration. The calibration curve presented in Fig. 1 shows a linear relationship between the edge-step intensity changes and the function of increasing zinc ion concentration (linearity in the lower concentrations of the calibration curve was obtained by linear extrapolation to zero). The enzyme concentration was independently obtained to be 0.07 mM by conducting an amino acid analysis experiment, a standard Bradford assay, and by titration of the active enzyme with TIMP-1 (see "Experimental Procedures"). To obtain the estimated concentration of zinc ion in the enzyme as measured by XAS, we crossed the experimental edge-step intensity value of gelatinase B with the calibration curve. The concentration of zinc ion obtained by this type of analysis was 0.065 mM which is consistent with one zinc atom per enzyme (Fig. 1) . These results were repeated using different protein preparation batches and different germanium detectors in measuring the XAS. Since the edge-step analysis may deviate from linearity because of detector limitation at very low concentrations, we further examined the zinc stoichiometry by ICP-AES.
The atomic absorption signal of the enzyme was measured and placed on a standard calibration curve, which was obtained by measuring standards of known zinc concentrations in the range of 0 -1000 parts/billion. The zinc content of the buffer solution was 2 parts/billion. The enzyme was diluted by a factor of 240 before measuring the atomic absorption. The zinc concentration in the enzyme was 17 parts/billion, which is equivalent to 62 M in the zinc concentration (the enzyme concentration was 70 M as described). These results show that the zinc content in the enzyme is consistent with one zinc ion per enzyme in a ratio of 0.89:1 zinc to protein and were found to be in good agreement with our edge-step analysis. The presence of single as opposed to multiple zinc sites simplifies the EXAFS data analysis procedure, since the curve-fitting analysis of the local environment around the multiple zinc ions requires an excessive number of structural variables in the analysis. However, we further examined the possibility of the contribution of multiple zinc atoms by non-linear curve-fitting EXAFS analysis to be detailed.
EXAFS Analysis-EXAFS analysis of human gelatinase B, in its latent and activated forms, was conducted by fitting the data to theoretical phase shifts and amplitudes. Theoretical models of the proposed structural and catalytic zinc sites were constructed from the crystal structure of MMP-3 (9), gelatinase A (MMP-2) (22) , and our calculated model (see Table II ). The architecture of the catalytic domain, known as the matrixin fold (47) , is highly conserved in MMPs and is unaffected by insertion of the fibronectin domains (22) . The vicinity of the binding sites of the catalytic and the structural zinc ions reported in the crystal structure of pro-MMP2 are identical to those of pro-MMP3, respectively (22) . Although human gelatinase B shows a greater sequence homology to gelatinase A (MMP-2), we chose to use the structural coordinates of the zinc site in both structures in order to examine our fitting procedure by various models. The catalytic zinc ion in the MMP-3 proenzyme is bound to three histidines and one cysteine, and the structural zinc ion is bound to three histidines and one aspartate (22) . The theoretical models that were constructed from these sites were used to modulate the zinc site in human gelatinase B before and after activation. Fig. 2a-c shows the fitting results of pro-gelatinase B with both models, and the quality of the fits are presented in Table I , part a. The zinc site in human gelatinase B was fitted to the Zn-N, Zn-O, Zn-S, and Zn-C paths using different combinations of varied and constraint parameters together with starting the fits from different initial conditions of distances, Debye-Waller parameters, and ⌬E 0 shifts. Stable and reproducible fits of the latent enzyme were consistent with a tetrahedral coordination of the zinc ion with three Zn-N at 1.83 Ϯ 0.01 Å, one Zn-S at 2.24 Ϯ 0.01 Å, and seven Zn-C at 2.87 Ϯ 0.01 Å contributions in the first and second coordination shells. All attempts to fit the catalytic zinc ion in the latent enzyme to four Zn-N/O or three Zn-N and one Zn-O contributions failed or resulted in high Debye-Waller factors and unreasonable 2 values (Fig. 2, b and c, and Table I ; Fits 2 and 3).
In addition, we have used the partial contributions of Zn-O (Asp) and Zn-S (Cys) in the same fit to examine sample homogeneity and any contribution from putative structural zinc. The results obtained from this model with a fixed 1:1 ratio between the Zn-S and Zn-O contributions were unstable with high 2 and Debye-Waller factors (see Table I part a, Fit 3). Simultaneous fits of latent gelatinase B to this model with a varied ratio between the Zn-O and Zn-S contributions were consistent with three Zn-N ligands with an average bond distance at 1.87 Ϯ 0.04 Å and one Zn-S bond distance at 2.25 Ϯ 0.05 Å for the latent enzyme. Any attempts to eliminate the Zn-S contribution or, alternatively, add a partial Zn-S path in the fitting analysis of the latent enzyme failed (data not shown). These results are consistent with our atomic absorption and XAS edge-step studies, which support one catalytic zinc ion in human gelatinase B.
A similar curve-fitting procedure was applied in analyzing activated human gelatinase B. Fig. 3 shows the best fitting results of the activated enzyme. Table I , part b, lists the quality and the fitting parameters. Best fits were obtained using the structural zinc site in MMP-3 as a model (Zn(His) 3 (Asp) 1 ). This model provides 3 Zn-N, 1 Zn-O, and 7 Zn-C theoretical paths. Fitting experimental data to this model resulted in 3 Zn-N at 2.00 Ϯ 0.01 Å, 1 Zn-O at 1.78 Ϯ 0.02 Å, and 6 Zn-C at 2.59 -2.97 Ϯ 0.02 Å bond distances (see Table I , part b). In these fits the Zn-N contributions were constrained to one path. Fitting the catalytic zinc ion in the activated enzyme to the three different Zn-N paths resulted in similar Zn-ligand distances and similar fit quality. This means that the distance spread of the three Zn-N contributions is small and cannot be resolved by EXAFS. All attempts to fit the experimental data to the (Zn(His) 3 (Cys) 1 ) model or, alternatively, to partial Zn-S contributions failed.
Structural changes that result from the activation of progelatinase B can be observed in the raw XAS data. Fig. 4 shows the raw x-ray fluorescence data at the XANES region. The normalized spectra of the pro-and the activated forms of the enzyme exhibit a significant change in edge shape upon enzyme activation. Changes in peak intensities are observed at 9680, 9710, and 9739.5 eV. Alternation in the shape of the structural features at the XANES region upon enzyme activation can be attributed to the cleavage of the propeptide and the substitution of the sulfur with the oxygen contribution at the active site. In addition, a moderate edge shift (0.3 eV) to a higher energy is observed upon enzyme activation. This may indicate that the total atomic charge of the zinc ion does not change substantially as observed by our quantum mechanics calculations (Table II, Quantum Mechanics Calculations-DFT has recently been recognized as an efficient quantum chemistry method for studying molecular properties at the atomic and electronic levels (48) . The hybrid density functional method B3LYP (49), a DFT computational method, has been shown to be an accurate density functional method (50, 51), giving as good or better geometries and energies as correlated ab initio methods for first-row transition metal complexes (50 -53) . To complement our EXAFS analysis we applied B3LYP to various relevant models of the catalytic zinc site in the MMPs.
The typical zinc coordination sphere in MMPs consists of three histidine (His) residues and one exogenous ligand. For the quantum mechanics calculations the histidine residues were modeled by imidazoles, and the active site of the MMPs was modeled by ZnX 3 Y, where X is imidazole and Y is exogenous ligand. As for the exogenous ligands, we investigated three typical cases as follows: acetate (model 1), water (model 2), and methane thiol (model 3), which mimic aspartate or glutamate, catalytic water, and cysteine, respectively (Scheme 1). The initial structure of model 1 was isolated from the x-ray crystallographic structure of fibroblast stromelysin-1 (protein data bank entry 1SLM) (9) , and the initial structures of models 2 and 3 were constructed by substituting the acetate of the optimized geometry of model 1 with a water molecule and methane thiol, respectively. Table II shows the results of the charge population analysis in the form of atomic and group charges of each complex. The group charge is calculated by the summing over all the atomic charges of the atoms that compose the group. An increase in the group charge indicates that an electron transfer from the ligands to the zinc ion has occurred and that the coordination bond has formed. The group charges of acetate, water, and methane thiol in the free status are Ϫ1.0, 0.0, and 0.0 Q/e, respectively, and those in the complexes are Ϫ0.531, 0.165, 0.251 Q/e (B3LYP/6-31G* result), respectively. However, the change in atomic charge is different for these three complexes. As shown in Table II Table I , part a.
However, the atomic charge of coordinated O-2 in model 2 is more negative (from Ϫ0.774 Q/e to Ϫ0.789 Q/e for O-2).
The increase in electron density of the oxygen atom of water makes the water more active as a nucleophile. Interestingly, our thermodynamic parameter analysis (Table II) indicates that the order of decreasing binding ability of the various ligands to zinc is in the order acetate Ͼ Ͼ water Ͼ methane thiol. These results were obtained by calculating the free energy change of ligand exchange of a virtual reaction at the catalytic zinc ion. Table II presents the theoretical results of internal energies (E y ), thermal energies (E therm ), and entropies (S) of the three complex models calculated by B3LYP at the 6 -31G* basis set level. As shown in Table II , the free energy change in substituting acetate with water is Ϫ191.06 kcal/mol and for substituting methane thiol with water is 7.75 kcal/mol. Table II also shows the bond lengths of the optimized structures of the model molecules. The optimized values of the coordination bonds of the various models are generally in agreement with the results derived from B3LYP at the double-basis set level (51) . The bond distances obtained by EXAFS analysis compared with those obtained by the B3LYP calculation indicate that the Zn-O and Zn-N distances are in good agreement within the experimental error. In contrast, the cal-culated Zn-S distance, obtained by B3LYP, appears to be longer than the experimental distance.
DISCUSSION
In this work we present the local structure of the active zinc site in natural human gelatinase B from neutrophils. The structure of the zinc coordination environment was studied in both the latent and the activated forms of the enzyme using EXAFS spectroscopy and complementary quantum mechanics calculations. In addition, we address the controversial issue of zinc content per enzyme molecule.
Several high resolution molecular structures clearly showed that the isolated catalytic domain of the MMPs contains two zinc ions (11-13, 17-19) . A structural role has been proposed for the second zinc ion on the basis of its location in the protein 
a Results are with very high uncertainties of 2 .
FIG. 3.
Curve-fitting results of activated human gelatinase B. Representation in R space of the best fitting results of activated human gelatinase B. The fitting parameters are listed in Table I , part b. The best fit is consistent with three Zn-N and 1 Zn-O contributions. structure and its high affinity for the protein. Although crystallographic data provide evidence for two zinc ions in MMPs, direct stoichiometry analysis of the zinc content of these enzymes gave results of zinc contents that varied between one and two metal atoms per enzyme (21, 55). Willenbrock et al. (21) and Springman et al. (55) have questioned the existence and the necessity of a second zinc ion for enzyme catalysis. Their studies suggested that full-length metalloenzymes may contain one catalytic zinc ion and that the enzyme is stabilized by the protein side chains themselves or by calcium ion concentrations.
Our results show that natural and activated human gelatinase B contains one zinc ion per enzyme. The zinc content of the natural full-length and glycosylated human gelatinase B was determined independently by atomic absorption, XAS edgestep, and EXAFS analysis. These results question the enzyme requirement for an additional zinc ion for enzyme catalysis. Therefore, we propose that the second zinc ion, which was found in other MMPs, may provide a stable structural conformation of the enzyme by specifically binding to a high affinity "zinc-binding" site in the enzyme.
The EXAFS curve-fitting analysis of the catalytic zinc site in the proenzyme and activated enzyme provides direct evidence that the well accepted "cysteine switch" mechanism in MMPs (8) applies to natural human gelatinase B. Structurally, the proenzyme zinc site is characterized by tetrahedral coordination of the zinc ion, which is consistent with three Zn-N(His) and one Zn-S(Cys) ligands, and the activated enzyme is consistent with three Zn-N(His) and one Zn-O ligands. These results demonstrate that the structure of the catalytic zinc site in human gelatinase B is altered upon enzyme activation by releasing the sulfur "blockage." The new "unlocked" conformation results in a slight expansion of the zinc coordination shell, structural distortion, and replacement of the Zn-S with Zn-O contribution. We have assigned the oxygen ligand in the activated enzyme to a water molecule.
The presence of a water molecule as the fourth ligand in the activated form of MMPs was suggested previously by several studies (1, 13, 47, 56, 57) . The crystal structures of the various proenzyme MMPs clearly show that solvent molecules can be accessible to the catalytic zinc ion only after cleavage of the propeptide is achieved. Interestingly, Vallee and Auld (40) pointed out that the mechanism of activation of zinc-bound water in catalytic sites of zinc enzymes is dependent on the identity of the other three ligands and their spacing. "Short spacers" (1-3 amino acids) provide the proximity of protein residues and may facilitate the formation of a primary bidentate zinc complex. In contrast, "long spacers" provide flexible geometries at the zinc ion coordination site and allow the accommodation of a substrate or product molecule to interact during catalysis. Comparative sequence analysis of various MMPs reveals that the catalytic binding domain includes the consensus sequence HEXXHXXGXXH, which is the zinc-binding motif (2, 3, 54) . The short spacers between the zinc-binding residues support a rather rigid coordination shell around the catalytic zinc ion in MMPs. Such structural rigidity was observed by our EXAFS results around the catalytic zinc ion in human gelatinase B. The three Zn-N(His) contributions could be fitted by a single theoretical Zn-N path in both pro-and activated enzymes throughout our EXAFS analysis.
These results raise the possibility that the tight binding of the three histidine ligands to the zinc ion is required for stabilization of the overall conformation of the active site protein FIG. 4 . Edge spectra of pro-and activated forms of human gelatinase B. Raw XAS data in the zinc K-edge region of pro-human gelatinase B (solid line) and activated human gelatinase B (dotted line). All data sets were normalized by fitting a linear polynomial function Ϫ150 to Ϫ20 eV and 75-200 eV below and above the edge, respectively. The edge step was determined by the difference between the pre-edge and post-edge fits. The overall shape of the edge spectra of the pro-and activated enzyme differs. The most distinct features are the edge shape changes of the peaks at 9680, 9710, and 9729.5 at the XANES region. In addition, a moderate edge shift (0.3 eV) to a lower edge energy can be observed for the activated enzyme. SCHEME 1. Schematic presentation of the model molecules that were used for DFT calculations. The schematic drawing is based on the optimized structures that were generated for the quantum mechanics calculations. The symbols and numbers designate the different atoms.
residues after the cleavage of the propeptide. In this case, the zinc-bound water in the activated enzyme may be poised for displacement by a substrate molecule (40) . Exposure of the catalytic zinc ion to the surface in a rather fixed coordination (in the activated enzyme) may allow the enzyme catalysis to proceed without major change of the protein residues.
Comparison of the relative stability and energetics of acetate, water, and methane thiol at the fourth ligand position of the zinc ion by DFT calculations reveals an interesting trend of the binding affinities. As shown in Table II , the carboxylate group exhibits stronger binding to the zinc ion than water and methane thiol ligands.
This sequence can be used to explain the relationship between the enzyme activity of MMPs and the exogenous ligand. The function of the zinc ion in MMP seems to play a key role in both substrate binding and in catalysis. The sequence of these catalytic events may be governed by the identity of exogenous ligands.
The binding of water to the zinc ion in the simulated catalytic zinc site of MMPs is weak. The small size of a water molecule and its liability suggest that the coordination sphere of zinc can accommodate more than one exogenous ligand, which may be a substrate molecule. Moreover, the water molecule is more active as a nucleophile after binding to the zinc ion because the negative atomic charge increased after binding to the zinc ion (Table II ). Yet only a moderate change in the total atomic charge of the zinc ion is observed upon the binding of water and the methane thiol ligand. These results are in good agreement with the relatively small edge shift to lower energy in the raw EXAFS data, which was observed upon activation of human gelatinase B. The shift in edge energy indicates the electronic shielding effect of the zinc ion in the various states of the enzyme. The moderate change of the activated enzyme spectra to a lower energy may indicate that the electron donor capabilities of an oxygen from water or sulfur from cysteine ligand at the catalytic zinc ion are similar. Our results support the mechanism scheme proposed by Matthews (56) and Lovejoy et al. (13) for thermolysin and human fibroblast collagenase. The binding of a water molecule at the activated enzyme provides a central intermediate in the catalytic process. In this mechanistic scheme, the water molecule attacks the carbonyl of the scissile bond and initiates proton transfer by donation of a proton to the Glu residue, which eventually facilitates the cleavage of the peptide bond.
In contrast, the acetate group binds the catalytic zinc ion too strongly, thus forming a tight coordination shell around the The thermodynamic parameters were calculated using following the equations, Model 2 (C2) ϩ Ace(L1) ϭ Model 1 (C1) ϩ water(L2); Model 2 (C2) ϩ MeSH(L1) ϭ Model ␤(C1) ϩ water(L2); ⌬E ϭ E t (C1) ϩ E t (L2) Ϫ E t (C2) Ϫ E t (L1); ⌬E therm ϭ E therm (C1) ϩ E therm (L2) Ϫ E therm (C2) Ϫ E therm (L1); ⌬S ϭ S(C1) ϩ S(L2) Ϫ S(C2) Ϫ S(L1); and ⌬H ϭ ⌬E ϩ ⌬E therm , ⌬H ϭ ⌬H Ϫ T⌬S. zinc ion, which may decrease the ability of the enzyme to catalyze the substrate hydrolysis. A carboxylate group can coordinate to a zinc ion in two different ways as follows: a monodentate or a bidentate configuration that results in 4-and 5-fold coordinations of the zinc ion. According to the optimized geometry of model 1 (Scheme 1), we can regard bond Zn-1-O-19 as a partial coordination bond. In a way different from Ryde's calculation (51), we optimized the geometry of model 1 without any constraint (Ryde optimized this structure in monodentate and bidentate geometries by constraining the Zn-1-O-2-C-18 angle as 120 and 90°, respectively). The optimized geometry of model 1 gives the bond angle of Zn-1-O-2-C-18 as 96.8°, which is between the region of Ryde's constraint of 120 and 90°for monodentate and bidentate configurations, respectively. We therefore suggest that in active enzymes of MMPs, aspartate or glutamate may coordinate with Zn 2ϩ in a way between monodentate and bidentate, and the coordination number could be between four and five.
In addition, the acetate ligand acts as a powerful zinc-binding functional group as was also shown by Ryde (51) and therefore may be considered as a good inhibitor for MMPs. This may account for the extensive studies of carboxylate-based MMP inhibitors.
